This study aims at modeling the rotary drying of wood chips in co-current mode and estimating the drying time of larch (Larix kaemferi) wood chip. Drying data were obtained in a lab. scale fixed bed dryer operating with an air velocity of 1 m/sec. and at hot air inlet temperatures of 100℃, 200℃, and 300℃. The lab. scale fixed-bed drying rates for small, medium and large size larch wood chips that had been dried from 40% wet-based moisture content (MC) to 10% MC at 200℃ drying temperature were 17.3 %/min., 10.2 %/min. and 5.5 %/min., respectively. It was predicted that larch large size wood chips could be dried from 40% MC to 10% MC in about 23.0, 34.6, and 44.7 minutes at 300℃, 200℃ and 150℃, respectively. Expected drying times for medium size chips were about 8.6, 11.2 and 13.2 minutes and those for small size chips were 4.3, 5.5 and 6.4 minutes, respectively.
INTRODUCTION
Biomass has been recognized as the most promising renewable energy resource. The biomass, in the form of wood chips, sawdust, bagasse, grass, and agricultural residues, is generated from trees, agricultural crops, or purpose-planted coppices, which absorb carbon dioxide needed for photosynthesis for their growth (Pang and Mujumdar 2010) . In conversion of the biomass to energy and various fuels, thermochemical conversion technologies are most promising technologies in short and medium terms (5∼15 years) including combustion, gasification, and pyrolysis (Bridgewater and Grassi 1991) . For example, wood chip has been utilized as a fuel for space-heating and electrical power generation.
In order to increase energy efficiency, improve energy product quality, and reduce carbon emissions in its thermochemical energy conversion, drying of the biomass to the required moisture content is important in the development of energy production system. For example, the pyrolysis needs very dry biomass (less than 2% MC), gasification and pelletization needs the biomass at a moisture content of about 10%, and the direct combustion can handle wetter biomass (up to 20% MC). In addition, it was found that uniformity of drying also significantly affects the energy efficiency in heat plants (Xu and Pang 2008) . Lee (2006) performed tests on drying sawdust with direct contact thermal screw dryer.
However, most commonly used dryers for biomass are rotary dryer, barn dryer, fixed bed dryer, packed moving bed dryer, and pneumatic dryer (Pang and Mujumdar 2010) . In industrial biomass dryers the temperature of hot gas as drying medium changed continuously during drying process. Therefore, it is necessary to predict the change of the gas temperature during drying to estimate the drying time of biomass with certain conditions. In co-current mode wet biomass is fed co-currently with hot gas and the temperature of hot gas decreases as biomass dries. In counter-current mode the biomass almost dried to target moisture content should contact with hot gas at very high temperature and biomass can be ignited. Lee 
MATERIALS and METHODS

Material
Air-dried larch (Larix kaemferi) wood chips were prepared and separated by a sieve shaker with sieves of aperture sizes of 4, 8 and 16 mm. Chips smaller than 4 mm were named as small size chips, chips between 4 and 8 mm as medium size chips, and chips between 8∼16 mm as large size chips.
All these chips were dipped into water for 48 hours to simulate green moisture content.
Water-soaked chips were left at room temperature for 24 hours to remove surface water.
Initial moisture content (wet-basis) before lab. 
M : moisture content of chip (%wb) t : drying time (min.)
Drying rate at each moisture content step is determined based on the drying times from initial and final moisture content of each step.
Drying rate of wood chip depends largely on the initial moisture content of wood chip.
Drying rate decreases as initial moisture content of wood chip decreases. Initial moisture content of wood chip depends largely on wood species. In general initial moisture content of wood chip does not exceed 50% (wet-basis). In this study initial moisture content of larch wood chip was assumed to be 50% for the standardization. Target moisture content was set at 10%. Four moisture content steps with MC interval 10% were 50%∼40%, 40%∼30%, 30%∼20% and 20%∼10%. And drying rate was estimated for each step using equation [2] .
  : drying rate at i th moisture content step (%/min.) 
Effect of initial moisture content and drying temperature on drying rate
The effect of initial moisture content on drying rate at a constant drying temperature was regression-analyzed for each chip size as equa-
. And the effect of drying temperature on drying rate at a constant initial moisture was also regression-analyzed for each chip size as equation [4] .
  : drying rate at a given temperature T (℃) (%/min.)    : drying rate at a given initial moisture content   (%/min.)    : coefficients
Simulation of drying process
Whole drying process can be simulated with the relationships from section 2. The gas (hot air) outlet temperature from the dryer is predicted with the gas inlet temperature to the dryer using equation [7] suggested by Land (2012) .
  : the gas outlet temperature from the dryer (℃)   : the gas inlet temperature to the dryer (℃)
Assuming the specific heat and density of gas The heat capacity (specific heat) of wood depends on the temperature and moisture content of wood but is practically independent of density or species. The specific heat of dry wood and water was assumed to be constant at 0.26 and 1.00 kcal/kg/℃, respectively (Forest Products Laboratory 1999). And it was assumed that water would not be evaporated from chips in heating period. Then the net heat flow rate required to preheat feedstock to 100℃ and the preheating time can be estimated using equation [10] and [11] , respectively: 
the feeding rate of wood substance (oven-dried wood) (kg/hr)    : the water evaporation rate in a drying step  (kg/hr) Therefore, the net heat flow rate for evaporating water from feedstock in a drying stage for 1 hour is calculated as equation [14] : 
···························· [16]
  : the gas temperature drop (℃)   : the average gas temperature in a drying step  (℃)   : the inlet gas temperature in a drying step  (℃)
The drying time in a drying step  with the drying rate   at a hot gas temperature of   can be estimated as equation [17] :
  : the drying time (min.) in a drying step  (min.)   : the initial moisture content of feedstock in a drying step  (%wb)   : the final moisture content of feedstock in a drying step  (%wb) Finally, the total drying time is predicted as equation [18] :
  : the total drying time (min.)
RESULTS and DISCUSSION
3.1. Lab. scale drying characteristics curves From the drying rate data on Table 2 the effect of initial moisture content at the constant drying temperature and the effect of drying temperature at the same initial moisture content on drying rate were investigated through regression analyses.
Simulation results
Whole drying processes were simulated based on the drying rate data from the lab. scale drying characteristics curves and the basic conditions. Total water removal was 333 kg/hr from moisture content 40% to 10% and the gross heat requirement was 378,211 kcal/hr with heat lost during drying process. Simulation results for the larch large wood chips at 300℃ Table 5 . Simulation results of model for drying small size larch wood chips from moisture content 40% to 10% at hot gas temperature of 300℃ with feed rate of 1,000 kg/hr 
CONCLUSION
Biomass is one of the most promising and sustainable resources for future production of energy and bio-liquid fuel. Rotary drying is a common drying technology for drying wood chips and sawdust, operating at drying temperatures from 200℃ to 500℃. This study developed a model for estimating the drying time of larch wood chips using co-current rotary dryer.
The developed model can be used for the optimization of the drying conditions or dryer design to achieve the target moisture content.
This model was developed based on the lab.
scale constant-temperature drying experiments.
The simulation results are consistent with practical observations. It is believed that the industrial scale tests will remove the uncertainty of the model and give a more accurate prediction on the dryer performance.
